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k 1.0 Introduction

This report covers work performed in compliance with Air
Force Technical Applications Center Project VELA T/1133/S/AMC
entitled "Analysis and Evaluation of Seismic Data for On-Si~te

Inspection - Project VELA". The contract calls for a review
of seismic data and evaiua-(ion of their significance for purr,
poses of on-site inspection.

The data were furnished by the Project Officer, A.F.T.A.C.,
Headquarters, U. S. Air Force, Washington 25, D. C. They
included field records and ancillary notes from experimental
seismic investigations conducted for A.F.T.A,C. by United
Electro Dynamics, Inc. in the vicinity of and subsequent to
the PLUMBOB and HARDTACK Underground Nuclear Test Programs
at the Nevada Test Site and reflection records from a seis-
mic survey of the Tatum Salt Dome in Mississippi. I
The U.E.D., Inc. seismic investigations at the Nevada Test
Site involve the use of near-surface velocity profiling
(calibrated short spread reverse profile refraction shoot-
ing) and a new method, akin to echo ranging, known as hori-
zontal seismic ranging to detect the effects and/or cavities
produced by underground explosions.

The survey program on Rainier Mesa using near-surface pro-
filing consisted of running three lines on top of the mesa
and one line below the rim, on the mesa face, in such man-
mer as to provide a sampling of undisturbed as well as in-
tensely fractured tuff. The survey program using horizontal
seismic ranging consisted of several shots fired at each of
three H.S.R. locations distributed across the top of the
mesa using different settings of horizontal directional re-
sponse. Uphole velocity data were acquired in conjunction
with these investigations at five locations, four of which
were located on top of the mesa and one near the east rim.

The objective of the gear-surface velocity survey was to
delineate anomalous horizontal velocity variations and
attenuation of first arrival energy in the shallow Oak
Spring tuff due to explosion-produced fracturing and/or
faulting. The development and use of horizontal seismic
ranging, represents an effort to apply the underlying
concepts of echo ranging as used in anti~submarine warfare
in the ocean, to the problem of detecting cavities at long

I range from the surface of the ground.



To enable a complete evaluation pf the seismic results,
it is required to know the probable range and magnitude
of the effects of the explosions on the mechanical and
physical properties of the tuff. To provide a basis
for such evaluation, available data on the tuff were col-
lected and collated.

The reflection seismograph survey of Ta.tum .Salt Dome
consists of two lines, one northeast and the other south-
west,, across the dome. The purpose of this survey is to
define the configuration of the top of the salt and other
major stratigraphic units in sufficient detail to enable
evaluation of the structural effects of subsequent nuclear
testing.

( --
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2.0 Conclusions

The uphole velocity data acquired by U.E.D., Inc. are largely
concentrated in the western part of Rainier Mesa and encompass
only the upper 200 feet of the welded Tos 8 tuff. They indi-
teraliy in both thickness and velocity. These velocity data

also indicate velocity inversion at a depth corresponding to,
but not nece.ssarily identified with, any one zone of fractur-
ing. Lateral variation in the velocity and thickness of this
zone are commensurate with (if not greater than) that which
occurs in adjacent layers. It is not certain that the zone
of velocity inversion is continuous or parallel to the veloc-
ity stratification. Neither is it known with certainty what
the relationship is between velocity stratification in the
shallow section and surface topography.

kxamination of the deep vertical velocity data acquired below
the welded Tos8 tuff (in conjunction with the nuclear test
program on Rainier Mesa) disclosed appreciable areal velocity
variation--equivalent to that observed in the shallow section
and additional velocity reversals.

Since no "test program" velocity data were obtained (at loca-
tions other than the Rainier site) before and after the tests,
the maximum range at which the explosions produced a detect-
able alteration in vertical velocity is unknown. Neither is
there means for evaluating whether the vertical velocities
were altered at the range of distances at which U.E.D., Inc.
seismic investigations were conducted. This is so because no
pre-test velocity measurements were made and all but one of
the U.E.D., Inc. uphole velocity surveys are located in the
western part of the mesa.

The objective of near-surface velocity profiling (short spread
reverse profile refraction shooting) on Rainier Mesa was to
delineate anomalous horizontal variation in the welded Tos 8
tuff, attributable to the effects of underground nuclear tests.
At the horizontal ranges where the near-surface velocity-sur-
vey on top of Rainier Mesa was conducted (from the LOGAN and
BLANCA Events), horizontal velocity probably should be effected
only by fracturing and/or faulting of the tuff. At the Rainier
site, the effect of interlayer spalling and fracturing should
influence horizontal velocity.

Observed refraction velocities in the area on top of and along
the east rim of Rainier Mesa (where the fracturing and faulting
of the welded Tos 8 tuff were most severe) are neither as high
nor as low as refraction velocities observed in what is believed

-3-



to be undisturbed tuff. Salient features of the refraction
velocity profile (constructed for the north-south line sur-
veyed along the east rim of the mesa) are: a reduction in
velocity from north to south,, commensurate with reduction in
average uphole velocity (determined from deep.NSVP shot of
each profile); generally .lower refraction velocities than one
should eplect, for transmission in high velocity layers which
have been delineated by uphole velocity surveys; abrupt transi-
tion from low to *hiher velocities midway of the line.

To evaluate the significance of variation in observed refrac-
tion velocities (where there is velocity reversal at depth),
it is first required to know the position of the shot with
respect to such reversal, and paths taken by first-arrival
energy in reachino the surface on each profile. Since one
assumption made in all refraction methods is that there is
no decrease in velocity with depth, the depth and correlation
of refractors could not be delineated from profile to profile
on the basis of refraction data alone. Consequently, there
w-as no way of evaluating the variation in horizontal velocity
of refractors along the survey line.

The degree of uncertainty in deriving horizontal velocity
from the first refraction arrival times (recorded with near-
surface velocity profiles on Rainier Mesa) is of the order
of ten per cent. Since post-shot U.S.G.S. evaluation of the

effect of the Rainier Event on physical properties of the
* tuff disclosed a ten per cent velocity reduction 100 feet
from the weapon point, it is doubted that detection is possible
of the alteration in horizontal'velocity attributable to test-
produced fracturing.

Although the first refraction arrivals (recorded on a number
of near-surface velocity profiles) indicate- faulting, such
information is of dubious value without knowing the history
of the fault. If this history is known, one need not use
seismic methods to locate the fault.

Also investigated by U.E.D., Inc. was variation in the atten-
uation of first arrival energy attributable to the effects
of the tests. At the distance at which the amplitude measure-
ments were made from the sites of the underground tests, one
should only observe cumulative attenuation of amplitude de-
riving from the effect of fracturing and/or faultin. Altera-
tion of the intrinsic physical properties of the tuff at these
distances should be too small to produce an effect on recorded
amplitudes distinguishable from that deriving from other sources.

--4-



Variations in the peak recorded amplitude of the first arri-
val energy are ascribed to changes in the source and source
conditions, changes in the medium and the effects of geo-
phone plant. Consequently, evaluation of the variation in
peak recorded amplitudes of the direct and refraction arri-
vals along the line and with -poximity to the sites of the
LOGAN, BLANCA and RAINIER Events was unfeasible.

Evaluation of variation in the attenuation of first arrival

energy due to changes in the mechanical properties of the
medium along the line of survey is prevented by ambiguity
in the correlation and depth of the refractors delineated
by the near-surface velocity survey. Variations in gross
rates of attenuation indicate extensive changes in geology
but do not provide a basis for comparison.

Investigations with horizontal seismic ranging, employing
a technique akin to echo ranging, to detect cavities at
long range from the surface gave negative results.

The computed locations of the reflections recorded at the
array show no greater concentration in the areas known to
have been effected by he explosions than elsewhere. How-
ever, uncertainty in identifying valid events and indeter-
minate lateral velqcity variations probably had a substan-
tial effect on the results.

Uncertainty in identifying valid events may have led to
some fallacious alignments.- The lateral velocity varia-
tions known to exist from the uphole velocity surveys
should have produced substantial error in the location of
the points of reflection over and above that deriving from
the need to neglect the depth component.

Since no provision is made for deriving the depth at which
a reflection originated, there is no way of evaluating the
depth of section examined, except from indirect evidence.
On the basis of the apparent velocities determined from the
move-outs of recorded events, one is inclined to conclude
that no signals were recorded from below the high velocity
layer constituting the base of the welded Tos 8 tuff. At
this depth of penetration, no reflections would be obtained
from the chimneys or cavities created by the underground

e •test, but should derive from structural variation in the
Sshallow section, pairticularly areas of intense fracturing

and faulting.

-5-
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The seismic survey of Tatum Salt Dome was made for the pur-
pose of defining the configuration of the top of the salt,
the top of the anhydrite and the top of the limestone in
sufficient detail that the structural effects of subsequent
nuclear testing might be delineated at a later date.

Despite generally poor records, it was possible to delin-
eate the configurations of the above-mentioned horizons for !
all but the edges of the dome in time and depth. While
there is a progressive mis-tie with depth between the calcu-
lated depths of the seismic mapping horizons and the depths
of these same units identified in core holes located along
the seismic survey lines, it is sufficiently small as not
to qualify the interpretation and correlations.

Conversion from time to depth was made using the velocity
function Vz = 6100 + .7z for the sediments, 9000 feet per
second for the limestone and 19,000 feet per second for 1
the anhydrite. •

While the configuration of the edge of the dome could not
beevaluated from the seismic data, this is not abnormal
considering the dips involved. Since the point of deteri-
oration in record quality coincides with the edge of the.
dome as delineated by the U.S.G.S. and reported in Techni-
cal Letter: DRIBBLE I, this configuration was adopted. ..

So far as use of seismic methods for on-site detection of
the effects of underground explosions is concerned;.the
results are inconclusive. This is particularly true of the
near-surface velocity profiling (calibrated short spread re-
verse profile refraction shooting). 'What the results do il-
lustrate is that the field techniques acceptable for con-
ventional s-cuctural surveys are inadequate, and that half
measures cannot be employed where it is desired to delineate
variation in the physical properties (mechanical or intrin-
sic) of the medium.

The method of horizontal seismic ranging presents problems
which, it is believed, cannot be resolved without a program
of controlled experiments under more favorable environmental
conditions. However, until these problems aze fully resolv-
ed, use of this method for the detection of underground cav-
ities presents unsurmountable difficulties.
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3.0 Stratigraphy and Structure of Rainier Mesa

Rainier Mesa is a prominent topographic feature in the north-
west part of the Nevada Test Site composed of the Oak Spring
formation of Tertiary age. In the vicinity of the RAINIER,
LOGAN and BLANCA events, this formatioq is about 1900 feet
thick and is divided into eight lithologic units which 'are
designated, in ascending order, Tosl to Tos8. The thicknesses
of these units together with their lithologic descriptions
at the RAINIER site are given in Table 3.1. Information con-
cerning the thickness and iithology of these units at the
LOGAN site was limited to the deeper units, see Table 3.1o
The lithologic unit Tos8 which caps Rainier Mesa and is the
thickest welded tuff, is underlain largely by non-welded
tuffaceous friable, to compact indurated rocKs which are..rhyo-
litic in composition.

The average mineral composition of the two uppermost litho-
logic units Tos 8 and Tos7 of the Oak Spring formation at the
Rainier site is given in Table 3.2. The stratigraphic units
of the Oak Springs formation at the RAINIER'site strike north
550 - 830 E. and dip 50 -,28 0 ýNW., while'at LOGAN, the 'beds
appear to have a more northerly'strike with similar general
direction of dip. At the RAINIER'location structure consists
of northeast trending folds',.'with amplitudes of 50 to 120 feet,
and north to northwest trending faults, with vertical displace-.
ments of up to 50 feet, In the tunnel at LOGAN, faults strike
north to northeast with an average bearing of N. 300 E. and
dip 750 to the southeast. These faults parallel the northeast
set of joints and'arg probably related to them.

Joints, are most numerous in the welded tuff. The joint sets
at the RAINIER and LOGAN sites trend predominately north and
northwest and dip steeply. Northeast trending joints are
vertical or dip southeast.

-7-
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Table 3,1, Generalized stratigraphic section of Oak Spring formation,
Rainier Mesa, Nye County, Nevada as delineated by the
U.S.G.S.

Lithologic Thickness (Feet) Description
Unit Rainier Logan

• I

Tos 8  270 'At the Rainier location Tos 8 consists of two
ash flows of welded tuff, The lower 10 to
140 feet is quartz latitic tuff, which grades
downward into coarse pumiceous nonwelded tuff
of Tos 7 . The upper part, which is rhyolitic
welded tuff, caps Rainier Mesa. The welded
tuffs are resistant to erosion and crop out
as cliffs. Near vertical joints are abundant-

Tos 7  720 Tos 7 at the Rainier location has been diviidedL
,into 3 subunits designated from youngest t' -

oldest as a, b, and c, Subunit a is'about 50
feet thick; and is poorly sorted, massive fi"Ie
to coarse indurated pumiceous tuff. Subunit b
is about 490 feet thick, and consists of
granular tuff and interbedded gray tuffaceotks
sandstones in which pumice fragments are
abundant. The rocks are soft, friable and
poor to well bedded in outcrops which appear'
along the east slope of Rainier Mesa, Seo
unit c is about 180 feet thick consisting ofQ
granular, fine to coarse, indurated tuff,
The Rainier explosion chamber is in subunit c-

Tos 6  0-75 Tos 6 at the Rainier location consists of fine
to coarse, well-bedded welded rhyolitic tuff,
which unconformably underlies Tos 7 ,

Tos 5  98-125 Tos 5 at the Rainier location consists of fine
to coarse, well-bedded pumiceous tuff, which
unconformably underlies To's6 °
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Table 3.1 Generalized stratigraphic section of Oak Spring formation•
Rainier Mesa, Nye County, Nev. (Con't)

Litholbgic Thickness (Feet) Description
Unit Rainier Logan

Tos 4  285 Tos 4 at the Rainier location consists of fine to
medium nonwelded pumiceous tuff in beds from 2 to
15 feet thick.

Tos 3  100 170 Tos 3 at the Rainier location consists~of non-
welded pumiceous tuff with some tuffaceous sand-
stones. The basal bed forms a blocky outcr6p.
Most beds are 12 to 35 feet thick, Locally Tos 3
is as much as 170 feet thick, At Logan Tos 3 is
divided into four subunits, A through D. A is
basal unit, Subunit A is a 34 foot thick massive
coarse,, hard locally soft or friable, Subunit B
is a .23 foot thick fairly well bedded coarse .
tuff with luminae and beds of 4 foot thickness.
Subunit C is approximately 75 feet thick, Fine
grained tuff makes up about one-third, this unit.
The tuffs of this unit vary from soft to hard;
Subunit D is some 33 feet thick and is coarse
hard to medium tuff."

Tos 2  120 120 Tos 2 at Rainier is a fine to coare,. bedded to

massive, nonwelded tuff; a thick 'bedded tuffaceou
sandstone forms at top-of unit. At Logan lower
Tos 2 contains three beds pisolite.

Tos 1  210 210 Tosl at Rainier location*.is a fine nonwelded tuff

Conglomerate, up to 5 feet thick locally forms
the base of the unit.

.At Logan site subunit K and basal part subunit I
are firmly cemented, These tuffs are well bedded
and range in thickness from 1 to 5 feet. Scour
and fill structure are prominent in subunit G.

-9-
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Table 3.2 Summary of the average mineral composition (percent by
volume) of Oak Spring formation (at Rainier Test Site),
Nevada Test Site, Nye County, Nevada as determined by
the U.S.G.S.

Litholqgic unit Tos 8  Tos 1/
a b c

Number of analyses 5 47

Phenocrysts, 16.4 14.7
Quartz 4.9 1 i .5
Alkali feldspar 7.4 .. 5...0.
Plagioclase 3.8 ... 5.9
Biotite .2 ''1.712
Pyroxene and amphibole 2/ . ' . . 12
Magnetite .15 . " .. .48

Xenoliths " 4.9 "
Shards and lapilli.' .83.63/ .' .. 7"4:6Heulandite 2 -... '' 27.

Quartz ' Dominant .0.•

Montmorillonite '. .. '1.
cristob'ali~te . .Present 9.8Felds -ak, ': . Dominanit ''' -. " ... . "

• " B i o t i t e " " ' * " .5. . .

Amorphous material Present . 21.4
Vesicles. ..... "3.5 % . . 5.8....... '.................. .. .. •...• o

Tos7  a. Upper indu'rated tuff
. ** ~ 2- *-. " b..."Middle- fri'able tuff . . ' " ... *

c. Lowe'r indurated .tuff'
'.Not.presen . ,' .

_/ Quartz "and feldspar-are .'th4 domitiant minerals; glass comprises
* most of the'. amorphous material. "

"..

• : • .
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4.0 Pre-Shot Physical Properties of the Oak Spring Formation,

RAINIER Site

Average values of the physical properties of the Oak Spring
formation are tabulated in Table 4.1. The USGS estimates the
accuracy of the tabulated data to be as follows:

Porosity t 25%, bulk Density t 5%, grain Density - 3%
Permeability t 100%, velocity t 5% and strength t 40%

The data are most complete for welded and non-welded tuff.
It should be noted that each property varies considerably with-
in each of the eight stratigraphic units, hence, small
differences between the averages in Table 4.1 have little
significance. However, the greatest differences occur be-
tween the welded tuff of Tos 6 and Tos 8 and the other strati-
graphic units. The welded tuffs have higher strengths, higher
elastic moduli, higher velocities (when,,unfractured), and
lower porosities, than the other units. While the permeability
to fluid is low, the bulk permeability due to fractures is
high. The welded tuff (Tos 8 ) has a porosity of about one-half
that of the bedded friable tuff or 14 percent. The water con-
tent is probably more on the order of 30 percent than (the
measured) 15 percent indicated for most of the unweathered
friable tuffs. The ;strength of tuff in place is probably re-
presented more closely by the maximum value than the average
value. In the natural state, the strength of tuff is estimated
to be 80 percent higher than the average, or 2,200 psi. Above
10,000 psi hydrostatic pressure', non-welded tuff will deform
to strains of at least 20 percent, without rupture. Deformation
of:'the order of 20 percent will increase density by 8 percent.
Other strengths are probably 30 to 50 percent higher than the
average. Figures 4.1 and 4.2 show the variation in velocity
with axial pressure for the principal types of tuff in the Oak
Spring formation. The uniformity of the velocity with pressure
and. strength-of the welded tuff is such that the nuclear events
probably did not produce a significant change in'volocity via
alteration of the density at appreciable distances from the de-
tonation.

.1
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Table 4.1 Average values for some physical properties of units
of the Oak Spring formation at Rainier Test Site
determined by the U.S.G.S. (Con't)It

Lithologic unit Tos 8  Tos 7 1/ Tos 6  Tos 5  Tos Tos3 Tos 2  Tos!8a b 7 c

Number of samples 31 76 4 40 118 53 9

Compressive strength M/
air dry (psi) 21,100 4,700 6,100
- No samples (strength)
- No samples (moduli) (5)
- P 0.11
- E (106 psi) 1.11
- G* (106 psi) 0.50

Tensile strength, M/ 330 165. . 100
air dry (psi) . . . . .. "
- No samples . '-"" " """; ' "0 08

26s 0.12 " 0.'12. .
- E (10 psi) 1.69 046.."' 0'88
- G* (10 psi) 0.78 . "22' •26

Dynamic elastic M/
modul1i
- No samples (4)" (1)03)

- 1.48 " 0.45 0... 0.66
- G* 0.59 0..24 .:.. 0.32

I/ ToS7 a. Upper indurated tuff., b. Middle .friable tuff. c.. .Lower
indurated tuff; subunit c':has.been further"subdi'vided .during
mapping of Rainier andlateral tunnels into: lthologic units
designated A to Z.: ". ."

2/ Measurements taken from following sources: K'='G. V. Keller,.
L = A. H. Lachenbruch, GEM = G. E..Manger, M.'.= U..' S. Bureau
of Mines, R = E. C. Robertson', RAR = R. A.Robie.

3/ Computed from ,average chemidil composition .assuming 16 per-
cent water; average v~alue for. lithologic.units T, 'U,'and V.

-13-



4/ Average velocities taken from continuous velocity log
(Schlumberger Well Surveying Corp.) in drill hole through
Tos8 and ToS7, 800 feet from Rainier ground zero. The
velocity near the surface is low (about 3,000 ft/sec)
because of many open fractures.

5/ Average velocities from refraction measurem~ent in Rainier
tunnel.

6/ ~These velocities are average velocities taken from a'-

drill hole through the-etr a Spring. frato*and
1 mile from the Rainii~ site.' Thia velocities are to
some extent dependent on ove~rburden ..so they. will' not"
apply to the -units where .they are 'expo-sed-(or hiav'e', shallow
cover. -.

All strength and elasi meai* -nt were-uniaxial 'in
air except as noted*,'Srtos:freatc-oi.:%

. .. - ,

velocityi dog ~op) In
-P i so ' r t~o .iE '.Y~~ n ls ~ ~ uls--G r o i y. m u u .;.symbols are,-................................. ;ii b

;_t. h.*% -
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Pre-Rainier Velocity measurements were made in the Hagestad
hole southwest of the RAINIER site and, in UCRL drill hole 3,
80 feet from RAINIER ground zero.

At the Hagestad location a total of 1450 feet of Oak Spring
formation was logged commencing 452 feet below the surface
(165 feet below the top of Tos 7 ) and extending to a depth of
1943 feet. Observed interval velocities are listed in Table
4.2 and the velocity log is shown in Figure 4.3.

Table 4.2 Pre-RAINIER Velocities Hagestad Location Reported
by the U.S.G.S.

0 Geologic Depth (ft) Velocity Range (ft/s) Average
Unit From To From To Velocity (ft/s)

Tos 7  450 1050 5000 14000 6300
Tos 6  1050 1115 5300 5700 5600
Tos 5  1115 1330 7500 10000 9000

.. Tos 4  1330 1510 7100 9700 9000
' ToS3  1510 1750 9000 11400 10000

:..Tos 2  1750 1870 10500 14400 12000
" ToIl 1870 1900 10300 11000 10500

"'At'UCRL drill hole 3 the velocities of the different lithologic .

units were measured using a procedure similar to one generally
employed by the petroleum industry for deep well velocity sur-

* •hol: ... .veys. With this method shots were fired in a separate shot--....hole i which in this case was located 185 feet distant, and

arrival times are recorded at detectors lowered down the sur-
.vey hole.

* * The procedure provides good results when the detectors are
*.located at considerable depth. However, as the detector nears

the surface, seismic travel paths deviate appreciably from the
vertical. Corrections for slant path assumed straight line
travel paths and equal horizontal and vertical velocities. As
a consequence of these assumptions, there is some reservation
as to the accuracy of reduced velocities above 400. feet where
travel paths show greatest deviation from vertical.
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The interval velocities recorded at UCRL drill hole 3, by the
U.S.G.S. are listed in Table 4.3.

Table 4.3 Interval Velocities from U,S.Q.S. Velocity Survey
of UCRL Drill Hole 3, RAINIER Site

Depth (Feet) Interval Velocity (Ft/s)

230-270 7,150
270-310 13,700
310-395 6,650
395-525 7,070
525-675 7,180
675-775 5,850

The travel paths from shot to detector and time-depth curve
obtained by U.S.G.S. are shown in Figure 4.4.

The variation in porosity, bulk density, and grain density
with depth in the upper part of UCRL drill hole 3 is shown in
Figure 4.5.

Although the velocity survey at UCRL drill hole 3 did not log
the uppermost 100 feet of hole, the variation in porosity and
bulk density from the surface to a depth of 125 feet should
produce appreciable variation in interval velocity.

BLANCA Site

At the BLANCA site pre-shot evaluation of the physical prop-
erties of the Oak Spring formation was confined to the
immediate vicinity of the explosion chamber which was located
in the Tos 3 unit. Values of the measured physical properties
of the tuff (as determined by the U.S.G.S.) are listed in
Table 4.4.

Table 4.4 Pre-Shot Values of Physical Properties
of Tos 3 Lithologic Unit at BLANCA Site

Percent Water Content 18.0%

Water Content by Volume 0.34 g/cc
Grain Density 2.3 g/cc

C)



Natural State Bulk Density 1.9 g/cc
Dry Bulk Density 1.5 g/cc
Porosity 33.4%

Comparison of the physical properties measured at BLANCA
with their counterparts measured at the RAINIER site dis-
closes that for the properties measured, the principal
difference was in porosity.

LOGAN Site

No physical properties appear to have been evaluated at the
LOGAN site. However, since BLANCA and LOGAN are in close
proximity, the values of the physical properties measured
at BLANCA probably also apply reasonably well at LOGAN
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5.0 Post-Shot Physical Properties Oak Spring Formation and
Subsurface Effects I

The shape of the fracture zone surrounding the RAINIER Event
is shown on Figure 5.1. The zones of varying degreesof disaggrega.
tion surrounding the shot chamber are shown on Figureo5.2.

evaluation of changes in the physical properties were made
by the U.S.G.S. by comparing the properties of post-shot
'samples near the explosion to the properties of post-shot
samples of similar rocks distant from the explosion. The re-
sults are summari.zed in Figures 5.3, The summarized data,
indicates explosion caused differences in certain physical
properties, including permeability, porosity, water content,
and strength properties.

The samples of breccia zone that were measured indicate that
the porosity of both matrix and fragments is high.

The permeability of the brecciated rock could not be measured
quantitatively, but was much greater than in the adjacent
fractured rocks. The average water saturation of pore space
..of brxcciated rocks was 73% as compared with over 100% in.-un-
brecciated rocks.

The strength of the Breccia sz.mples was low; the compressive
strength of brecciated rocks is less than one'-fourth the
strength of unbrecciated rocks and much less than the strength
of-unaffected rocks. The dilitational velocity of someI. brecciated rocks was approximately half the velocity outside
the zone of intense fracturing (greater than 110 feet from

the explosion).

Outside the Breccia zone, but close to the source, the ex-
plosion-caused differences in strength, in permeability, and
possibly in porosity were found to be small. Out to l11b feet,
the strength of the rocks was low,* The unconfined compressive
strength increased three times near 110 feet and Young's
Modulus increased ten times at this distance. The U.S.G.S.
states that these are probably minimum values.

Permeability shows a general increase near 75 feet from ground
zero. As in the case of the strength factors, while permeability
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increases some four times it is also probably a minimum value.
By inference the permeability should be relatively high for
distances as much as 110 feet from ground zero.

Seismic Velocities

Prior to the RAINIER detonation, velocities were measured by
the U.S.G.S. in a vertical drill hole approximately 100 feet
west of RAINIER ground zero and in the Ul2b tunnel. Following
the explosion, velocities were measured in the Ul2b tunnel,
the exploratory tunnel, two underground drill holes and in
the ground zero vertical drill hole (see Figure 5.4). In
addition, the U.S.G.S. ran two reflection survey lines on the Isurface over the RAINIER chamber.

The (post-shot seismic) data from the tunnel and from surface
shots observed in the ground zero hole indicate the presence
of three distinct zones of about 70%, 40% and 10% velocity
reduction surrounding the point of detonation. In zone 1 the
velocity to a distance of roughly 50 feet is 2,300 ft/sec or
about 6,000 ft/sec lower than the pre-shot value. This zone
is probably the brecciated zone mapped in the exploratory
tunnel. Considering the pre-shot and post-shot velocities .of
8300 ft/sec and 2300 ft/sec, the reduction in elasticity is
about 90%, indicating almost complete disaggregation.

In zone 2, the velocity from 50 to 100 feet from the detona-
tion was reduced from 8300 ft/sec pre-shot to 4800 ft/sec
post-shot indicating a 65% reduction in elasticity. From this
it is evident that zone 2 was highly fractured but not
disaggregated. In zone 3 from about 100 feet outward seismic
data obtained in drill holes B and C and the tunnel indicate
post-shot velocity is reduced by I0% from pre-shot velocity.
Here the difference in velocity is largely attributed to
fracturing.

It should be noted that the outer limits of zones 2 and 3
were indicated to be gradational rather Than distinct.

Besides the velocity anomalies .ptoduced by"BLANCA, LOGAN and
RAINIER, there are those produced by the TAMALPAIS, NEPTUNE,
EVANS and fifty ton high explosive tests carried out in the
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immediate vicinity of the RAINIER explosion.

The U.S.G.S. reports that seismic measurements made by re-
cording energy from shots on the surface in the ground zero
hole indicated a small velocity variation between 300 and
400 feet (see Figure 5,4). Information obtained below 400
feet was questionable because of casing breaks.

Figure 5.5 shows the variation in velocity observed 325 feet
west of EVANS ground zero using conventional uphole shooting
procedure. Total logged section was 760 feet commencing at
a depth of 50 feet and extending to a depth of 810 feet.
Although no date is given for the survey it apparently was *
run following the RAINIER event and preceding the BLANCA event.

Average velocities measured at this location are given in
Table 5.1.

Table 5.1 Average Velocities Observed 325 Feet West
of EVANS Ground Zero by U.S.G.S. Following
RAINIER Event

Depth (Feet) Velocity (Ft/s)
From To

0 98'. 4500
98 237 10000

237 436 5000
436 810 6900

Figure 5.6 shows a sonic log recorded 25 feet from the EVANS

ground zero hole sometime following the RAINIER event and
preceding the BLANCA event. This location is 520 feet south-
west of RAINIER and 300 feet northwest of U.E..D. uphole
velocity survey R7l (see enclosure 1). The survey logged a
total of 630 feet commencing 110 feet from the surface.

The average velocities measured at this location are given in
Table 5.2.
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Table 5.2 Average Velocities Observed at EVANS
Zero Location by U.S.G.S. Following
RAINIER Event

Depth (Feet) Velocity (ft/s)
From To

110 140 ?

140 255 11,500

255 470 .5,500
470 730 . 6,9001

In the, first thirty feet.of'.dgged section interval velocities

vary from 4,300 to 12,80.0 "fee~t per:.second>.

LOGAN-BLANCA Sites*

No post-shot evaluationjof the change in".physical properties
at the LOGAN-BLANCA si tes was. made.- .The" same i's true for
delineation of" the zone of subsurface effect... However,
damage in the tunnels' indicates.that'the outer zone of frac-
turing extends to a distance of some 540 feet from the BLANCA
explosion chamber and a .lesser distance for LOGAN.
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6,0 Structural Changes

Surface Effects Due to RAINIER Test

The effects of the RAINIER explosion at the surface were ob-

served on top of RAINIER Mesa and on the surrounding steep
slopes. These effects consisted of rock falls, rock slides,
fracturing of the welded and non-welded tuffs, and minor

surface displacements. Approximately one linear mile of sur-
face area along the mesa front was affected. Explosion-pro-
duced rock slides and rock falls occured along the rim of
the mesa from ground zero. The largest explosion-produced

slide occurred east of ground zero and extended down slope
from the mesa rim 1,000 feet and was 200 to 300 feet wide.

The principal disturbance at the mesa surface above RAINIER
was confined to a relatively small (less than 500 foot radius)
region surrounding surface zero. Within this area, a large
earth cap beginning approximately 180 feet below the surface,
separated from the mesa due to spalling, rose one foot and
settled back into place.

The explosion stresses produced numerous fractures in the
welded tuff and soil on top of the mesa with widths of the
order of 2 inches or less for distances of 300 feet. While
fractures in the soil were more abundant, they were not as
continuous as those in the welded tuff. It is believed that
all of the post-explosion fractures formed along pre-existing
fractures that strike north to north 150 E. and north 350 to
45 W., No surface displacements were measured along post-
test fractures on top of the mesa.

Surface Effects Due to LOGAN Test

LOGAN was located some 4100 feet south and 700 feet east of
the RAINIER test site. This separation is sufficiently great
that the effects of the two explosions probably do not over-
lap, The location of the LOGAN event with respect to RAINIER
Mesa is shown on Figure 6,1.

Most of the slope, from the nearest point on the surface to
the explosion, chamber, to the exposed base of the welded Tos 8
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tuff some 600 feet away, was covered with colluvium and was

involved in the slides produced by the explosion. The
locations of these slides are shown on Figures 6.1a and 6.1b.

The explosion also produced extensive fracturing to radial
distances of 3500 feet. The location and extent of these
fractures is shown on Figure 6.1a. The largest concentration
of post-explosion fractures was found in the welded Tos 8
tuff. However, a significant number of post-explosion
fractures were also found in the indurated tuffs of TosI to
the lower portion of TOS7 . Most of these fractures are
located within a 2,600 foot radial distance of the shot
chamber.

Explosion-produced fraqtures vary from a few inches to 600
feet in length, and from a hairline to 1.5 feet in width.
Many of these fractures are open to depths of. 10 feet and
several to depths of 20 feet below the surface.'

In the welded tuffs of Tos8, explosion-produced fractures are
generally less than 120 feet long and are concentrated within'
200 feet of the mesa rim. Most of these fractures closely

parallel or coincide with the pre-explosion fractures. How-
ever, some of the fractures parallel the mesa. rim.

Explosion -produced faults were mapped at radial distances of
2,300 feet from the shot. Displacements along these faults
are generally less than .5 foot., The principal exception-'
occurred at a radial distance of 1,000 feet and had a dis-
placement of 2. feet.

The fracturing produced.by the LOGAN explosion differs from
that produced by the RAINIER explosion in that:a significant
number of the fractures do not parallel the pre-shot jointing.

Surface Effects Due to BLANCA Event

The principal difference between the surface effects of the
BLANCA and LOGAN events is in the magnitude and range at which
fracturing and slides were produced. The area and extent of
the surface effects of BLANCA is shown on Figure 6.2a.
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Examination of this figure shows that the most intense sur-
face effects were concentrated within a distance of some
3,000 feet of ground zero. At this range fracturing pro-
duced by BLANCA overlapped fracturing produced by both LOGAN
and RAINIER. Consequently, there was considerable super-
position of the surface effects. However, comparison of
figures 6.1a and 6.2a shows that the bulk of this super-
position occurred in the vicinity of the LOGAN event. In
the vicinity of the RAINIER event superposition of surface
effects was probably insufficient to produce a significant
concentration of fracturing.
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7.0 Instrumentation

Seismic investigations in the RAINIER Mesa area consisted
of uphole velocity surveys, near surface velocity profiling
and horizontal seismic ranging. The same system of re-
cording amplifiers was used throughout, but different detector
components and spread geometries were employed to obtain
the desired response characteristics and data. The response
characteristics of individual components and systems together
with spread geometries used for each type of seismic investi-
gation are described below.

Uphole Velocity Survey

The recording layout for the uphole velocity survey consisted
of three or four seismometer groups at three foot radii around
the shot hole, and one group each at 10 feet, 20 feet and 30
feet. Each group consisted of two United Geophysical Corpora-
tion type'4-16 geophones with outputs in series. The geo-
phones had a natural frequency of 21 cycles per second.

Near Surface Velocity Profiling.

For the near surface velocity profiling two Electro-Technical
Laboratories, type EV5-4, geophones with a natural frequency
of 7.5 cycles per second, with outputs in parallel were used
for each trace. Shotpoints were generally spaced 720 feet

apart with geophone groups at 60 foot intervals. Total
spread.lengih for 24 traces was 1410 feet. An uphole geophone
was always'placed 10 feet.from the hole. Shots were fired in
the hole at one end of the spread and then at the other to
obtain reverse coverage.

All observed data were recorded simultaneously on paper and
magnetic tape using a United Geophysical Corporation, type
24-9 FM ivagnetic recording system. To provide a reference for
evaluating the attenuation of seismic energy with distance on
near surface velocity profiles, the recording system was
calibrated for amplitude response. This consisted of balancing
the amplifiers to-give an amplitude of twenty millimeters,
peak to peak displacement on all 24 recording' traces for a

Sgiven'oscillator input signal. While this amplitude was used

-25-



as zero decibel reference, additional attenuation was gener-
ally needed to obtain measurable amplitudes on the records.

Horizontal Seismic Ranging

HSR arrays consisted of eight directional rays arranged at 45
degree intervals around a center point (see Figure 7.1). Each
ray contained three seismometer groups, each of which con-

0 tained sixteen geophones aligned in four rows of four geo-
phones with alternate rows connected with reversed polarity.
Hall-Sears type HS.-J geophones with a natural frequency of 28
cycles per second were used. Maximum sensitivity could be
directed either along (Program B) or broadside (Program A) to
the ray. These arrays are illustrated on Figures 7.2 and 7.3.
The electrical hookup of the cables to the recording system
is shown on Figures 7.4 and 7.5. The directional response of
the spread is shown on Figures 7.6 to 7.10. The frequency
response of the array and amplifiers is shown on Figures 7.11
'to 7.13.•

Tatum Salt Dome

Recording spreads used in the seismic investigation of Tatum
Salt Dome consisted of twelve geophone groups spaced 127.3
feet apart center to center. Each geophone group consisted
of sixteen Hall-Sears, type HS-J, geophones with a natural
frequency of 28 cycles per second connected in series - parallel
as shown in Figure 7.14.

Shotpoints were also spaced 127.3 feet apart and each shot-
point was located -a the midpoint of the spread.

Wide band pass (3-9) and narrow band pass (11-9) filters were
used. Filter response curves are shown on Figure 7.15.

All recordings were made simultaneously on paper and magnetic
tape. A United Geophysical Corporation recording unit consist-
ing of a magnetic recording system, UGC 23-3A frequency
modulated oscillator-demodulators, 19-4 magnetic tape trans-
port, 1-32B amplifiers and a 5-30 camera was used.

C)
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8.0 Uphole Velocity Surveys

Figures 8.1 to 8.5 show the variation in interval and average
velocity with depth observed at U.EoD. uphole velocity sur-
veys R-1, R-7, R-8, R-9, and R-10 on top of RAINIER Mesa.
With the exception of R-l, all of the uphole velocity surveys
are located a considerable distance from the east face of
RAINIER Mesa (see enclosure 1).

The depth of the U.E.D. vertical velocity investigations on
top of RAINIER Mesa varied from 120 to 195 feet. According
to the interval velocities delineated, the uphole surveys
penetrated essentially the same velocity section at all
locations.

All holes were drilled without water and uphole shots were
not tamped.

The average charge size (1-1 pounds), shot interval (10 feet)
and recording spread geometry employed for the uphole velocity
surveys was conventional. While this procedure yielded
satisfactory results, examination of the recorded interval
times suggests that there was appreciable variation in hole
conditions from shot to shot up the hole. This is particular-
ly true of the uphole data recorded at velocity survey location
R-l.

The source of the erratic variation in interval times was not
ascertainable. Some of the variation derives from secondary
effects associated with uphole shooting, some from errors in
determining the time of arrival on the records and some from
cavities and fracturing of the section, However, it is notable
that the interval times recorded at uphole location R-1 show
a much greater degree of scatter than at the other locations.
The greater degree of scattering in interval times may be a
reflection of the fracturing produced by the nuclear detona-
tions or local variation in the lithology and degree of weld-
ing.

A general description of the velocity stratification of the
welded Oak Spring Tos 8 tuff, follows. With the exception of
uphole location R-7, which lies farthest to the north, all of

-
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the surveys indicate a velocity of 4800 to 5600 feet per
recond in the upper 60 to 80 feet of section. From depths of
80 to 125 feet, all of the surveys indicate a velocity in-
version with velocities ranging from 1900 to 4900 feet per
second preceded by a high velocity layer with velocities of
8,000 to 10,000 feet per second. Below the velocity inversion
all of the velocity surveys show a second high velocity layer
with a velocity ranging from 8,000 to 13,000 feet per second.

Figure 8.6 shows the apparent correlation of velocity horizons
delineated at uphole locations in the western part of RAINIER
Mesa with velocity horizons delineated at uphole location R-1
near the eastern rim of the mesa. In making these correlations
regional dip and correspondence in velocities were used as a
guide.

Figure 8,7 shows the apparent correlation of the velocity
horizons from hole to hole in the north-south direction on
the west side of RAINIER Mesa, The correlations are consistent
except at the north end of the profile between uphole loca-
tions R-8 and R-7.

While uphole location R-7 apparently lies farther updip from
the axis of the indicated syncline than R-8, it may lie farther
down dip regionally. If such were the case and the beds were
truncated by erosion, the upper portion of the R-7 hole might
be expected to have penetrated younger section, particularly
as it is located at a higher elevation, Under these condi-
tions, observed velocity horizons at locations R-7 and R-8
should correlate as shown, If'the structural situation were
other than described, correlation of the velocity horizons
would require appreciable lateral change in velocity indicative
of faulting or an abrupt and anomalous variation in the phy-
sical character of the lithology to account for the difference
in velocity stratification,

The field operations report supplied by United Electro Dynamics,
Inc. states that a fracture zone was frequently encountered,
in drilling shot holes, at depths of 80 to 100 feet on RAINIER
Mesa, Further reference to a fracture zone is made in U.S.G.S.
Technical Letter 762 in the discussion of a variable velocity
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interval delineated at a depth of 110 to 140 feet by the
sonic log recorded at EVANS ground zero (see Figure 5.6).
Observed velocities in this interval on the sonic log vary
from 4300 to 12,800 feet per second. The correspondence
in the depth of the fracture zone and the depth of the
velocity inversion suggests they are interrelated, par-
ticularly as the velocity stratification shows a tendency
to parallel surface topography. However, horizontal frac-
ture zones are so numerous at depths of 80 to 100 feet in
the welded Tos 8 tuff that an equivalent effect may result
without regional continuity of any one zone.

The thickness of the low velocity layer or zone responsible
for the velocity inversion is not well defined regionally,
particularly in the eastern part of RAINIER Mesa. In the
western part of the "Mesa" three velocity surveys indicate
a thickness of some 15 feet for a distance approaching one
mile in the north-south direction. Along the eastern edge
of the "Mesa" two surveys show indication of the layer but
only one of these uphole velocity surveys, R-l, logged
sufficient shallow section to delineate its probable total
thickness of 60 feet. The second velocity survey indicating
the layer was recorded at.EVANS ground zero as part of the
nuclear test program, but due to commencement of logging at
a depth of 110 feet below the surface delineated only 30
feet of the layer (see Figure 5.6). Since both velocity
surveys in the east indicate a thicker layer than was de-
lineated in the west, there is either appreciable areal
variation in the effective total thickness of fracturing
responsible for the velocity reduction or a difference in
lithology.

It should be noted that thickening from west to east is not
confined to the zone of velocity inversion but is also in-
dicated in the shallower velocity layers. Also notable is
the smaller north-south variation in the thicknesses of the

velocity layers in the west and the thickness of the high
velocity' layer denoting the bottom of the Oak Spring Tos 8
tuff between uphole surveys UCRL-3 and EVANS ground zero
along the east edge of RAINIER Mesa. However, thickening
of the high velocity layer from east to west between the EVANS
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ground zero velocity survey and the uphole survey 300 feet
to the west (see Figure 5.5) suggests that the thicknesses
of the horizons may vary abruptly, and to a greater degree
in the east-west direction than in the north-south direction.

Below the 5000 foot per second surface velocity layer, in-
terval velocities delineated by the uphole surveys are lower
in the west than in the east part of RAINIER Mesa (see Figure
8.6). Reference to Figure 8.7 showing uphole velocities ob-
served in the western part of RAINIER Mesa discloses that
lateral variation in velocity, excluding location R-7, is not
as great in the north-south direction essentially parallel to
strike as- in the east-west direction. Along the east edge of
RAINIER Mesa, between locations R-1, EVANS ground zero and
UCRL-3 the velocity of the base of the welded Tos 8 tuff also
varies less in the north-south direction than in the east-
west direction. The correlation between the direction of
lateral velocity change, and direction of thickening of the
velocity horizons suggests a connection with the amount of
overburden. However, a lower degree of welding, more ex-
tensive fracturing, compaction due to overburden, or a combina-
tion of all three would produce the same effect.

The high velocity layer denoting the base of the welded Oak
Spring-Tos 8 tuff shows no recognizable pattern of velocity
variation which can be attributed to the effects of the nu-
clear tests. Before the RAINIER event and eighty feet from
ground zero the base of the welded Tos8 tuff had a velocity
of 12,000 feet~per second. At the two EVANS uphole surveys
520 and 800 feet southwest of RAINIER ground zero, the
velocity of the base of the welded Tos 8 tuff following the
RAINIER event and preceding the BLANCA event was observed to
be respectively- 11,500 and 10,000 feet per second. At U.E.D.
uphole location R-1, 830 feet south of RAINIER ground zero,
the velocity of the base of the welded tuff measured following
the BLANCA event is indicated to be 12,800 feet per second.
Comparison of the velocities of the base of the welded Tos 8
tuff at the R-1 and EVANS locations, at respective distances
of 830 and 800 feet from RAINIER ground zero, discloses a
velocity difference of 2800 feet per second. Approaching
RAINIER ground zero from U.E.D. location R-l, the velocity of

(

-30-



the base of the welded Tos tuff decreases from 12,800 to
11,500 feet per second. Approaching the RAINIER site from
the more distant EVANS uphole survey location the velocity
of the base of welded Tos 8 tuff increases from 10,000 to
11,500 feet per second. Unless there was considerable
asymmetry in the radial distribution of structural effects
surrounding the RAINIER event, the velocity of the base of
the welded Tos 8 tuff should be lower at 520 feet than at
800 feet from RAINIER ground zero.

Although the velocity of the base of the Tos 8 tuff does not show
the pattern of variation one should expect near RAINIER
ground zero, there is insufficient basis for concluding that
the effect of the shot on the tuff at these distances cannot
be detected. Uncertainties connected with the effect of EVANS,
BLANCA and LOGAN on the velocity measurements, lateral velocity
variation, and the lack of post-RAINIER velocity data for the
tuff at RAINIER ground zero and pre-RAINIER velocity data for
the tuff in the vicinity of the EVANS site materially affect
the evaluation.
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9.0 Near Surface Velocity Profiling

The objective of the near surface velocity survey on RAINIER
Mesa was to delineate anomalous horizontal velocity varia-
tion in the shallow Oak Spring tuff due to thp effects of the
underground explosions. At the horizontal range of the
survey from the LOGAN and BLANCA events, horizontal velocity
probably should be affected only by fracturing and/or faulting.
At the RAINIER-site interlayer spalling as well-as fracturing
should have an effect on horizontal velocity.

Four lines of near surface velocity profiles were shot, on
RAINIER Mesa. Three of these lines, 1, 2, and 3, were located
on top of the "Mesa" and one line, MF, was located below
the rim on the east face of the "Mesga" (see Figure 9.1).

Lines 1 and MF were located to pass as close to the sites of
the nuclear events as feasible. The distances to the NSV
profiles on these lines nearest to each event are as follows:

BLANCA Event
Line Profile Horizontal Slant

j Number Number Distance (Ft) Distance (Ft)

1 R20-NSV21 870 W 1700 W
MFI MFl 1500 SE 1325 SE

LOGAN Event

MFI MFl 710 E 845 E

RAINIER Event

1 R26-NSV25 0 900

Charge sizes on NSVP lines 1, 2, and 3 on top of RAINIER Mesa
ranged from 20 to 70 pounds. The predominant charge size was
from 50 to 70 pounds.

All shot holes were drilled with air to an estimated 30 feet
below any fracture zone or a...maximum depth of 165 feet. All
shots were tamped without use of water using dry material.

-32-

i4



Figures 9.2, and 9.3 show the average velocity to the sur-
face from the deep shot of each near surface veldcity pro-
file along lines 1, 2 and 3 on top of RAINIER Mesa. At
five of the near surface velocity profiles, R-21, R-23, R-29,
R-31, and R-32, the deep shot was between 75 to 100 feet deep..
Of the remaining 18 profiles, R-11, R-12,. R-13, R-16, R-17
and R-27 had deep shots at depths of 125 to 145 feet. The
balance of the profiles had shots at depths between 100 and
125 feet.

Figure 9.4 shows.the average velocities obtained from'-the near
surface velocity profiles and uphole velocity surveys: The
resulting map discloses that the areal variation in-the average
velocity of the upper most 75 to '150 feet.pf the Oak Spring
tuff to be oriented roughly parallel to the structural axis of
RAINIER Mesa. However, the significance of the velocity map
depends upon the extent to which the,variation in average
velocity depends upon the relationship bf the sampled section
to the thicknesses, velocities and depths of the velocity
horizons and of the velocity horizons to surface elevation.
Along the east rim of RAINIER Mesa, average uphole velocities
show a marked increase' from south to h6rth with decreasing
elevation, This is probably attributable to the fact ,that
the bulk of the deep shots were at depths of 100 to 120 feet
and, allowing for erosion of the low velocity surface layer,
sampled increasingly greater'amounts of high velocity section
with decreasing elevation. Since ifhere .is a decrease in eleva-
tion from east to west and the s1iot depth is essentially con-
sistent we must assume that the increase in velocity derives
from the same source as in the north-south direction. The
question which could not be answered was whether the variation
in velocity was. commensurate with the ratio of sampled high
and low velocity material. While variations in sho-t'depth of
20 to 30 feet in any one hole produced little variatiion in the
average uphole velocity, the same variation in shot depth due
to a change in elevation often produced cotisiderable variation
in the uphole velocity.

Comparison of Figures 6.1, 6.?,.and 9.4 shows that the location
of the velocity low near Egg Point, coincides with the area of
most intense fracturing on RAINIB? Mesa due to!.thq LOGAN and
BLANCA events. However, since the averabe velocity variation is
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greatly influenced by the depth of the shot and surface eleva-
tion, the extent of the velocity variation attributable to
fracturing is unknown. However, it should be noted that the
two faults shown on the map of RAINIER Mesa, if extended,
would also traverse the area of the average velocity low
north of Egg Point.

The first time of arrival datarecorded on the hear surface
velocity profiles is shown plotted against distance on Figures
9.5 to 9.44.

The quality of the first breaks varies widely. Regionally,
the first breaks are of'better quality on the southern half of
line 1 and on line 2 than on the northern half of line 1 or
on line 3. Beyond 900 feet the onset of the first arrival
energy is generally indeterminate. Consequently, most of the
first times of arrival were determined from first troughs.
Since there is some variation .in the periods of the troughs
the procedure has introduced some scatter. However, the scatter
shown on the graphs does not all derive from the use of first
troughs. An equal, if not greater amount of scatter accrues
from variation in the lithology and transmission properties
along the spread. As a consequence of this scatter, there is
believed to be a potential error of 10 to 15 percent in the
apparent velocities derived from the first arrival time data.

The degree of uncertainty in deriving horizontal velocity from
first arrival times recorded on near surface velocity pro-
files is sufficiently high that delineatiori of variation in
velocity attributable to the effects of the explosion may not
be feasible. Post-shot evaluation of the effect of the RAINIER
event on the physical properties of the tuff by the U.S.G.S.
(see Section 5.0) disclosed a velocity reduction of'l0 pLr-
cent 100 feet from the weapon point; At the distance at which
the near surface velocity survey on RAINIER Mesa is located
from the LOGAN and BLANCA events fracturing and, therefore
velocity should have suffered a lesser reduction than was ob-
served 100 feet from RAINIER event. Thus, the potential error
of 10 to 15 percent in the velocities delineated by near sur-
face profiling. may mask the yelocity reduction produced by the
explosions which one wishes to delineate.
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The rapid attenuation of first arrival energy with distance J
observed on the near surface velocity profiles is characteristic
of velocity reversal. Since such velocity reversal was de-
lineated by the uphole velocity surveys at depths ranging from
80 to 100 feet on RAINIER Mesa, velocity reversal seems reason-
ably certain in both the north-south and east-west directions.
It is not certain that the zone of velocity reversal is con-
tinuous or parallel to the velocity stratification although it
has been considered 'to be such in correlating the velocity
horizons defined by the uphole velocity surveys. Neither is it
known with.certainty what the relationship is between the
velocity stratification and surface-topography. Additional un-
certainty in interpreting the first time of arrival data re-
corded on the near surface velocity profiles derives from the
placement of the shot with respect to the velocity reversal.
Some effects of shot placement and lateral variation in thick-
ness and interval velocity are outlined in succeeding para-
graphs.

The possible transmission paths for a shot above a velocity
reversal and pattern of'velocity stratification such as de-
lineated by the uphole, velocity surveys on RAINIER Mesa are
illustrated in the accompanying figures.

In Figure 9.45A, the transmission paths are shown for a velocity
stratification of the form

Voo < V1 < V2

If the Voo layer were not present, the time-distance graph
would be indicated by lines 1 and 2 in Figure 9.45B. Some
results of variation in the velocity ratios are as follows:

A. When V2 equals or is less than V1 , energy which has
"traveled through V2 cannot reach any geophone as a
first arrival because energy which traveled through
V1 will arrive first.

B. The character of the time-distance curve, as defined
*by lines 1 and 3, will be the same regardless of the
location of the Voo layer within the Vi layer, so
long as V1 has sufficient thickness to act as a re-
fractor.
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Figures 9.46 to 9.49 illustrate the variations which may be
encountered when the velocities and thicknesses of Voo, V1
and V2 vary lateially with the shot still located at the
upper interface of the V1 layer. If the shot were fired in
the Voo layer the energy could travel up to VI, along V1, and
then up through Vo to the surface; or it could travel down
to V2 , 'along V2 and then up through Voo, V1 and Vo to the
surface. The actual path taken by the first arrival energy
depends upon the velocities and thicknesses of VI, Voo and V2
and the position of the shot. In the accompanying illustra-
tions and discussion the velocity V2 is identified with the
high velocity layer constituting the base of the welded Tos 8
tuff, velocity V, is identified with the upper high velocity
layer, and Voo is identified with the low velocity layer be-
tween V1 and V2 .

Figure 9.50 shows the first time of arrival data recorded on
the near surface velocity profiles along line 1 graphed against
distance. The refraction velocities resulting from averaging
reversed segments of the time-distance graphs are shown on
Figure 9.2 plotted adjacent to the average uphole velocities
obtained from the deep shot of the near surface velocity pro-
files. The salient features of the refraction velocity pro-
files are the reduction in velocity from north to south
commensurate with the reduction in average uphole velocity,
the generally low refraction velocities and, the abrupt transi-
tion from low to higher refraction velocities at NSVP-21.

To evaluate the significance of the reduction in refraction
velocities from north to south, commencing at NSVP-21, it is
first required to know the position of the shot with respect
to velocity reversal and the paths taken by the first arrival
energy to the surface on each profile. Neither of the above
can be defined from the existing refraction data alone since
one assumption made in all refraction methods is that there is
no decrease in velocity with depth. Velocity reversals lead to
calculations of depth that are too deep, and if the amount of
decrease varies laterally, as indicated by the uphole velocity
surveys, it will also have a substantial effect on the dip
calculations. The presence of velocity inversion plus lateral
velocity variationrtherefore prevents valid determination of
the correlation and depths of the velocity horizons penetrated
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by the first arrival. energy from profile to profile and,
therefore evaluation of the different features of the re-
fraction velocity profile.

It should be noted that when it can be positively deter-
mined that the shot has been fired below the velocity re-
versal, the uphole method of computation provides a reason-
ably accurate near surface correction. Thus, by employing
uphole shooting in conjunction with the refraction method
it should have been possible to evaluate the refraction data.
However, in order to use the combined uphole-refraction
method, the following conditions must be satisfied:

1. At, least every fifth or sixth shot hole,
more depending upon the rate of lateral
velocity variation, must penetrate through
the Voo or low velocity layer.

2. The critical distance on the time distance
plots must be less than x/2 where x is a half
spread length.

Another feature of the first time of arrival data recorded
on the different near surface velocity profiles is the in-
dication 6f faulting. Specific profiles on which the time
of arrival data indicate faults are R20-NSV 21, R21•-NSV 20,

and R25-NSV 26, R27-NSV 26. Location of these faults is of
dubious value since it is not known whether they occurred
along old fractures or were newly created.
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10.0 First Arrival Amplitudes

Also of interest in detecting the location of underground ex-
plosions are changes in the amplitude of first arrival energy
attributable to alteration of the medium. Apart from' the
effect-of the explosions on the mechanical and physical pro-
perties of the tuff, there is the'effect.on'the structural
geometry. It is probable that .onl'y the cumulative attenuation
of amplitude due to fracturing of the tuff will be, Qf sufficient'
magnitude to'be recognizable at the distances at which the
near surface velocity survey on top of RAINIER Mesa was con-
ducted from the LOGAN, BLANCA and RAINIER events., Alteration
of the physical properties and structural displacements are
probably too small at these distances to"produce an effect on
the amplitudes of first arrival energy distinguishable from
those deriving from other sources.

Changes in the amplitude of 'te recorded first arrival energy
may be ascribed to changes in the source and source conditions,
changes Pn, the medium and the effects of geophone plant. To
make a definitive evaluation of the attenuation of first arrival
amplitudes with respect to the medium it is required that varia-
tions in amplitude deriving from changes in the charge size,
shot depth and geophone plant be kept to a minimum, otherwise
there is so much scatter in the data from record to record'
that reliance can be placed only on general trends.

Figures 10.1 and 10.,2 show the variation in amplitude of the
direct first arrival energy recorded at the near geophone
location to the shot point and the variation in scaled depth
of the deep shot of each profile recorded along NSVP Line 1.
Comparison ko f.the recorded amplitudes with the scaled depths of
the shots indicates that there was substantial variation in the
different parameters which &ffect amplitude from shot to shot
in the same hole and from shot point to shot point along the
line. Since no calibration shots were made, the variation in
recorded amplitude deriving from changes in coupling and trans-
mission impedance and geophone plant is unknown. However, it
is evident that much of the variation derives from changes in
the scaled depth-of the shots. As a result, comparison of the
peak recorded amplitudes of the direct and refraction arrivals

-
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along the line and with proximity to the sites of the LOGAN,
BLANCA and RAINIER events is unfeasible.

Excluding variations in the source, source conditiong, and
geophone plant, the amplitude of the recorded first arrival
energy is markedly affected by the geometry of the refracting
surface and the purely mechanical properties of the rocks.
Before any information on the medium can be obtained from
amplitude variations, they must first be corrected for the
geometrical attenuation due to the spreading out of the wave
front. For the refracted arrivals dealt with here, the
amplitude of the refracted wave should vary approximately as
d-34 L- 3/2 where d is the orthogonal projection on the inter-
facet.of the:distance between the source and detector, and L
is the distance the wave traveled in the lower medium. How-
ever, since there is a velocity inversion at depth, and the
depth and configuratiod of the refractors is indeterminate,
there was no way of evaluating the geometrical spreading
correction to be applied. -As a consequence, it was necessary
to confine the analysis to evaluating the gross attenuation of
the amplitude of the refraction arrivals from profile to pro-
file. If the thicknesses of the refractors differ, as in-
dicated by the uphole surveys, there should be an accompany-
ing difference in the rates at which the amplitude of the
first arrival energy attenuates with distance in each of the
refractors. The weakness in this method of approach is that
no allowance is made for random lateral changes in the thick-
nesses, velocities and depths of the refractors and the ac-
companying variation in the geometrical spreading correction.
Thus, the apparent rates of attenuation may differ in a random
manner.

The amplitudes of the first refraction arrivals recorded on
the near surface velocity profiles (see Figures 9.5 to 9.44)
along Lines 1 and 2 were converted from decibels to an estimated
millimeter scale using an assumed amplification factor of 10-4

and the equation
db = 20 log A2

Al

where A1 = 10 millimeters is zero decibel reference and A2 =
observed amplitude in millimeters, The resulting values of
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amplitude are shown plotted on log-log paper (see Figures 10.3
to 10.30) together with the curves fitted by least squares
procedure to an equation of the form

A = k/dm

where A = amplitude
d = distance between source and detector

k-,m = constants.

This formula was used because it appears unlikely that the
first arrival energy penetrated below the welded Tos 8 tuff or
a depth of something less than 275 feet in which case the
geometrical spreading correction d - 1/2 L- 3/2 should approach
d- 2 for the velocities and range of horizontal distances in-
volved.

Had it been possible to determine the depths of the refleacztors
indicated by the time-distance graphs and correct for geo-
metrical spreading one should be able to observe the same
discontinuities in the amplitude-distance graphs as are
apparent in the time-distance graphs. Since this was not
possible, the equation A = k/dm was fitted to the apparent
visual alignments of the log-log plots of the amplitude data.
Since there is considerable scatter in the plotted amplitudes,
alternate choices of alignment may be made. Without additional
information there is no way of making a definitive evaluation
of which alignment denotes the correct apparent rate of attenua-
tion.

Comparison of the rates of attenuation of amplitude with distance
(see Figures 10.3 to 10,30) on the profiles along NSVP Lines 1
and 3 discloses no recognizable pattern of variation. The
rates of attenuation of late refraction arrivals having low
velocities are comparable with the rates of attenuation of late
refraction arrivals having the highest observed velocities.
In addition, very few of the reversed profiles exhibit com-
parable'rates of attenuation, Since the rates of attenuation
of the late refraction arrivals range from a low of R-2t76 to
a high of something in excess of R-6 0 , there is also appreciable
scatter. It is evident that there is sufficient variation in
the structural geometry and lithology, that an interpretation
cannot be made without delineation of the depth of the re-
fractors and a correction for geometrical spreading,
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11.0 Horizontal Seismic Ranging

Horizontal seismic ranging represents an effort to apply the
underlying concepts of echo ranging as used in ASW in the
ocean to the problem of detecting cavities at long range
from the surface of the ground. Conceptually speaking, it
is desired to record energy which has been reflected by
vertical rather than horizontal interfaces in the ground and
propagated essentially in the horizontal plane. To ac-
complish this it is required to discriminate~against energy
reflected from the predominant horizontal interfaces which
propagates in the vertical direction and which, if not re-
jected, will saturate the record. The principal innovation
in the method employed by U.E.D., Inc., is the development
of a recording array with controlled directional response
in the horizontal plane (see Figures 11.1, 11.2, and 11.3),
high directional response to energy arriving in the horizontal
direction' as opposed to energy arriving in. the vertical
direction in the vertical plane (see Figures'1i.4 - 11.9),
and predetermined band pass characteristics in terms of wave
length.

Since the H.S.R. method does not make provision for evaluat-
ing the origin of an event in terms of depth, it must be
assumed that there is no vertical component to contend with
in locating the point of reflection. As a consequence of
this assumption, reduction and evaluation of H.S.R. data
is largely a problem of identifying valid signals and deter-
mining the point of reflection in the plane of the recording
array.

Identification of valid signals on .the H.S..R. records pre-
.sents a difficult problem due to thL extreme moveouts in-
volved and the uniformity of the recorded amplitudes. On
Program A records where maximum response is at right angles,
thN moveout problem is minimized since recorded energy reaches
all of the geophones on the ray at essentially the same time.
Examples of Program A recordings illustrating this are shown
6n Figure 11.10. However, to evaluate Program B recordings,
each trace must be displaced by an amount appropriate to re-
move the moveout from the event. Figures 11.11 and 11.12,
show Program B recordings corrected for moveouts'based on
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estimated apparent velocities. Figure 11.13 shows the un-
corrected Program B recording.

The procedure used in locating events was as follows.
Apparent events were first located on the Program A records
on the basis of alignment. Then the corresponding perpendicu-
lar ray on the Program B record was examined to determine
if a signal might have been recorded at a commensurate arrival
time. This was accomplished by displacing traces according
to the estimated suite of moveouts until alignment, was ob-~
tained. This component of alignment when plotted with the
moveout measured on the orthogonal Program A ray was used to
determine the total moveout vector and the direction of the
source of the event. Velocity was then computed from the
ratio of the spread length and total moveout, Using the com-
puted velocity and observed arrival time, the total distance
from shot to reflector to array was determined, This dis-'
tance defines an ellipse whose foci are the shot point and
center of the recording array. The computed distance from
shot to reflector to array is equal to the sum of focal radii
to any point on the ellipse. Since one knows the direction
from one focus the location of the reflector may be establish-
ed.

Enclosure 2 shows the estimated quality of the record align-
ments picked for analysis and the locations of the reflection
points derived from these alignments. Examination of the
plotted data discloses no appreciably greater concentration
of points in areas of interest than are concentrated in other
areas. The same is true of the level of the grades in the
different areas. The only seeming correlation, and a tenuous
one at that, is with the surface topography and face of the
mesa. However, for reasons to be discussed in subsequent
paragraphs, it is doubted that any significance can be drawn
from the positions of the derived points of reflection.

Horizbntal seismic ranging presents many problems amenable to
theoretical treatment but resistant to-resolution in practice.
Much of the difficulty in interpreting the'H.S.R. records con-
cerns identification of reliable signals and derivation of their
point Qf origin. In many ways, the problem is not too unlike
that often encountered in complex structural areas with con-
ventional reflection seismic surveys when simultaneous arrivals
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are recorded with divergent moveouts from many off-side re-
flections. However, in the case of H.S.R., the number of
these arrivals and the resulting interference may be great-
ly magnified depending upon the orientation of maximum hori-
zontal directional response of the array and geographic var-
iation in the complexity of the medium. If the amplitudes
of the recorded energy are generally equivalent for all ar-
rivals, interferen'ce may disrupt the continuity of the re-
corded signals to a point where they are unrecognizable.
In the event that such a phenomenon represents the actual
situation, corrections for an estimated suite of moveouts
would produce completely fallacious results. An assumption
which may not be valid here is that coherent signals reached
the array regardless of the direction of maximum horizontal
response.

An even more difficult problem to resolve is derivation of
the true origins of the reflections. In the foregoing an-
analysis of the H.S.R., data it was assumed that the reflec-
tions originated at sufficiently shallow depth that the ver-
tical component of position might be ignored. This assump-
tion appears justified on the basis'that most of the observ-
ed apparent velocities were commensurate with'what one might
expect for energy propagated in the near surface section.
Thus, the distance to the point of reflection may be computed
using the apparent velocity determined from the total moveout
vector. The weakness in these computations is that they do
not encompass the effect of the observed lateral variation in
velocity. Consequently, the computed distances may be great-
ly in error, over and above that which derives from ignoring
the vertical component of position.

Since there was no discernible evidence of signals originat-
ing below the base of the welded Tos 8 tuff on the recorded
H.S.R. data, it should have been worthwhile to modify the
directional response of the recording array to permit the re-
ception of reflected refractions. Figure 11.14 shows the ve-
locity stratification of the Oak Spring formation. It is ap-
parent that reflected refractions may be a means of obtaining
measurements which are not available with the horizontal seis-
mic ranging technique.
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The term "reflected refraction" used hereafter describes the
phenomenon whereby energy is refracted laterally along a high
velocity carrier bed until it impinges against some form of
discontinuity which will reflect the energy back toward the
source. The basis for the concept of reflected refract'ions
is that ray theory demands that some energy be refracted into
every bed whose velocity is higher than that of any of the
beds above it. This is true despite increasing velocitywith
depth.

Generally speaking, the conditions which appear to be most
favorable for reflected refractions are:

A. There must be some form of discontinuity in the car-
rier bed from which seismic energy can be reflected,
diffracted or scattered so as to return it to its
source.

B. The carrier bed must be able.to transmit the re-
fracted energy. Among the factors:which must be
considered here are absorption, scattering and
"peeloff". The loss of energy due to absorption
and scattering of refracted waves within the car-
rier bed should be about-the same as or less than
that for a wave transmitted an equal distance per-
pendicular to the bedding. The most uncertain
factor is the loss of energy by refraction out of
the carrier bed in directions other than toward
the source. This phenomenon appears to be govern-
ed by the thickness- and physical properties of the
carrier bed., Generally,'one should expect to ob-
serve detectable refraction energy over distances
of a few miles. This is governed to a considerable
extent by the thickness of the carrier bed, as
thick beds are better carriers than thin beds.

C. It is also required to know the directional sensi-
tivity of source-receiver system, Energy reflected
from bedding .planes approaches the.-recording array
at a much different angle than that of reflected
refractions.' The directional sensitivity of the
source receiver sys~tem may, therefore,.,have an ap-
preciable effect on the relative amplitude of the

-44-



two types of events. When a charge is detonated in
a homogeneous semi-infinite medium, the longitudinal
energy is not radiated uniformly in all directions.
The amplitude measured at a given point, and angle
from the shot of 0 degrees from the vertical will be
approximately cos 9 times the amplitude measured
directly below the shot an equal distance. Since
most of the seismometers in use are sensitive only
to the vertical component of ground motion, waves of
a given amplitude arriving at angle .9 will give a
response cos 9 times the wave arriving vertically.
Consequently, the seismic event which arrives at an
angle 9. from the vertical will be.recorded with an
amplitude cos 9 times that of an event with a verti-
cal path when the reflection time and reflection co-
efficient are the same for both events. This is
true only for a homogeneous semi-infinite media.
Polar plots of the directional sensitivity pattern
for cos O are shown in Figures ll.15a and ll.15b.
It should be noted, however, that the cos 9 pattern
is not as directional as the patterns most generally
used.

Figure ll.15a illustrates the case for a nigh speed carrier
bed with no dip located in a homogeneous~semi-infinite medium.
Heavy ray paths show the relative sensitivity of a very sim-
ple source receiver system to reflections and reflected re-
fractions. In this example the sensitivity to reflected re-
fractions is approximately 25% of-the sensitivity to reflec-
tions. When,' however, the carrier bed is dipping as shown in
Figurell.15b, the sensitivity to reflected refractions be-
comes 0.87 times as great as that to reflections.

The geometrical theory of reflected refractions assumes a trun-
cated high speed carrier bed located at some arbitrary depth
and dipping at an arbitrary angle 6. See Figure 11.16. The
truncation may be any feafure capable of returning detectable
amounts of energy. The strike of the truncation differs from
that of the carrier bed by an angle T (measured in the plane
of the bed). It is also assumed that between the point of
refraction and truncation,, the Velocity of the carrier bed is
essentially constant at V2 , while the velocity of the adjacent
medium is essentially constant at VI, where V2 > VI. Consider
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V1 and V2 to be the average velocities of the medium and car-
rier bed between the point of refraction and truncation.
Within this region, the incident and refracted rays should be
essentially straight and should define a plane which is per-
pendicular to the trace of the truncation that passes through
the point of refraction. This plane is shown in Figure 11.17
with the dip of the bedding and the anomalous dips chosen to
correspond to those which might be observed in practice. The
ray which strikes the carrier bed at the critical angle

-1
ic = sin (V1 / V2 )

at the distance I'd" from the truncation should proceed unde-
flected until it is reflected. The time "td", is assumed to
have been spent traveling the distance

b = Vltd

Since

td= d /V 2

the event will appear to occupy a position along the dashed
line at the distance

b = d (V1 / V2 )

beyond the point of refraction. Substituting td = d / V2
into b = V1 td gives the projection "p" of I'd" on the ray
path. The perpendicular dropped from the truncation to the
ray path should meet the carrier bed at an angle equal to
the critical angle, ic, and p = d sin ic. Making use of
this equation and

-1
ic =sin (V1 / V2 ) and b = d (V1 / V2 )

it is found that

p d sin ic d (V1 / V2 ) = b

This shows that the dip of the event coincides with the line
drawn from the truncation perpendicular to the undeflected
ray path.
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Fig.ll.io Horizontal Seismic Ranging Recording with Maximum
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12.0 Tatum Salt Dome

The purpose of the Tatum Salt Do.ie survey was to provide
seismic and geologic data concerning the configuration of
the top of the salt, the caprock, and the overlying sedi-
ments prior to the execution of an underground nuclear test
program. The survey consisted of a total of 110 profiles
on two lineq, one northwest-southeast, the other northeast-
souathwest across the top of the-dome,. Enclosure 3 shows
specific lobations of all shot points with respect to the
dome.

Although individual events range from good to poor in grade,
overall record quality is essentially poor when the con-
tinuity of events is considered. Extensive phasing in-
hibits record to record correlation and thereby reduces
the reliability with which the configurations of the various
horizons can be delineated,

Velocity control on top of' and in the immediate vicinity
of the salt dome is extensive and of fairly good quality.
Examination of the velocity functions obtained at various
locations indicates the expected areal variation, No
att'empt has been made to incorporate this areal variation
into the interpretation. Instead, an average velocity func-
tion Vz =16100 + .7z (representative of the applicable
velocity data) has been employed to simplify the computa-
tions. This function appears to provide ai acceptably
accurate description of the velocity..gradient from the datum
(+,2001) to thb top of the limestone capro6k, Shot to datum
corrections were made using a velocity of,6000 feet per
second which is based on five uphole sUrve'ys (Figures 12.1 -

12.5). Depth computations for horizons below the limestone
caprock are based on velocities taken from sonic logs in
the WP-l and WP-4 holes (on top of the dome proper), The
sonic logs in.these holes indicate that the average velocity
in the limestone caprock and anhydrite is respectively 9,000
and 19,000 feet per second, It should be noted, however,
that while the average velocity of the limestone is 9,000
feet per.-second at these two locations, there is considerable
variation in interval velocity which could lead to localized
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errors in the depth computations. The velocity in the an-
hydrite is very uniform and little error in the depth
computations is anticipated from this source.

The basis for identifying events on the records was close
correlation between core hole depths and the depths obtain-
ed for various reflection times, using the foregoing velocity
information. Although there is some mistie in depth, this
is probably attributable to the difference in time between
the onset of a signal and the point of maximum trace de-
flection.

The strongest reflection on the records correlates with the
top of the anhydrite. This is as expected, since the largest
velocity contrast is found at the interface between the lime-
stone and anhydrite. Though the limestone and salt reflec-
tions are weaker than the anhydrite reflection, it has still
been possible to follow these events over the greater part of
the survey via record to record correlation.

As expected, very little reflection information was recorded
on the records following the arrival of the salt reflection.
The few events which were picked and which are shown on the
cross-section are of poor to questionable quality. Although
these events may have their origin in the salt due to the
presence of impurities, it is more likely they originate with
multiple or offside reflections.

Shown in cross-section form (see Enclosures 4 and 5) are the
configurations in time of the various reflection horizons re-
corded on the two lines of seismic profiles across the Tatum

.Salt Dome. Also indicated on these cross-sections are the
identities of the principal mapping horizons, beginning with
the limestone caprock. Figures 12.6 and 12.7 show the con-
figuration of the *three mapping horizons, from the limestone
caprock down to the top of the salt in depth.

Examination of the limestone caprock, top of the anhydrite
and top of the salt'on the depth section shows that the top
of the dome and overlying sedimentary section may be con-
sidered to be essentially flat. The slight increase in relief
with depth, commencing from the top of the anhydrite., is normal.
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However, there is also the possibility that the additional
relief accrues from the use of an average velocity function
and deviation from the 9,000 foot per second velocity used
for limestone.

Actual ties between core hole and computed depths are erratic
but never appreciably different when all factors are con-

sidered. At the top of the limestone caprock, maximum varia-
tion between computed and core hole depths is 23 feet and
averages 4 feet below actual. At the top of the anhydrite,
maximum variation between core hole and computed depth is
34 feet and averages 10 feet above actual. At the top of
the salt, maximum variation between core hole and computed
depth is 112 feet and averages 78 feet below actual. These
results indicate that the velocity used for the limestone is
slightly lower than actual and that the velocity used for
anhydrite is higher than actual. The depth discrepancy at
these horizons may be corrected by application of an areal
factor.

It will be noted that the sections have been interrupted at
the approximate edges of the dome. This is due to the severe
"deterioration in the quality of the individual reflections.
In lieu of making a questionable interpretation, we have
chosen to interrupt the section.

The estimated edges shown on the sections, while agreeing
qualitatively with the results of the survey, are based on
information presented by the United States Geological Survey
in Technical Letter: Dribble I. Quantitative resolution of
this problem requires cross-spreads and migration of the data.
However, considering the poor quality of the records, it is
doubted that'a definitive interpretation could be made.
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